A novel cooperative pursuit strategy for multiple underwater robots is proposed in this paper. In this pursuit strategy, the pursuit-evasion game is studied in two stages. In the first stages, when the target keeps the static state, the rapidlyexploring random tree (RRT) search algorithm is used to realize the real-time path replanning for multiple underwater robots, so as to avoid the target detection range and reach the desired precapture position. Therefore, the concealed problem of encircling the static target is solved. In the second stages, when multiple underwater robots enter into the target detection range, the target will start to escape. In order to solve the problem of capturing a moving target, the cooperative control law for multiple underwater robots is proposed. A circular formation is formed to pursue the target using the cooperative control law so that the capture error can meet a certain performance indexes. Finally, the simulation results show the effectiveness and feasibility of the proposed cooperative pursuit strategy.
I. INTRODUCTION
When a target intrudes an important area guarded by the underwater robots, the urgent problem to be solved is what strategies should be adopted to drive out or capture the target. However, because of the particularity of underwater environment, multiple underwater robots confront with the problem of underwater weak observation and limited communication. It makes the underwater robots difficult to find the targets. Both the pursuers and the targets have strong concealment under the water. Underwater robots use the characteristics of the underwater environment to pursue the targets while the targets also use it to escape from the pursuit of underwater robots. Therefore, the underwater pursuitevasion problem is also a new challenge.
Pursuit problem [1] [2] is one of the hot spots in the field of artificial intelligence, and it is also a typical problem to study the cooperation and confrontation of multiple robots. In the field of land robot or air robot, cooperative pursuit problem has made a lot of research achievements. In 1965, the literature [3] firstly proposes a pursuit method based on differential games, but this method is mainly suitable for oneto-one pursuit, but not for many-to-one or many-to-many pursuit problem. According to the pursuit game proposed in literatures [4] [5] , the speed of the pursuer is greater than that of the escapee. As long as the pursuer adopts the corresponding pursuit strategy, the escapee must be captured. The literatures [6] [7] [8] propose different pursuit methods to pursue the escapee, and use the method of Apollo circle to pursue the fast escapee, but it is very difficult to ensure that adjacent Apollo circles can intersect with each other. Literature [6] uses the method of reinforcement learning to realize the pursuit, but in practical ocean environment, this method can hardly meet the high realtime environment.
However, in the field of underwater robots, the research achievements of cooperative pursuit problem are relatively few. In underwater environment, the underwater robots mainly rely on the sonar sensor to detect the target. The sonar is divided into active sonar and passive sonar. Among them, the acoustic pulse signal emitted by active sonar will expose itself, and provide effective information for the detection of the target sonar. However, as for underwater robots, the quality of concealment determines the level of defense performance. Therefore, active sonar is not a good choice. Passive sonar itself does not emit signals, but only passively receives noise signals generated by the target maneuvering. There are some advantages [9] for passive sonar such as strong concealment and not easy to be found, etc. Therefore, in real ocean environment, the passive sonar can be usually adopted to detect the target. However, the condition of finding the target by the detection sonar has a lot to do with the operating distance of underwater acoustic detection equipment and the hydrological conditions of the working area. As the distance increases, the environment noise also gradually increases so that the quality of communication and detection gradually decreases. Therefore, when the underwater robots find the suspected target, the underwater robots must approach the target and reach a certain distance, sonar sensors can provide effective target information. If the target perceives a threat signal and immediately adopts the escape strategy, then the underwater robots can make use of the existed target tracking theory [10] [11] [12] [13] to track any maneuvering target and obtain the movement information of the target, so as to identify the existence of the target. Therefore, in order to avoid that the underwater robots take advantage of the tracking theory of the moving target to detect the target, the target usually adopts the confrontation strategy that the target remains the static state in the workspace, so as to reduce the noise of the target itself and increase the difficulty of detecting the target for the underwater robots. As to this problem, this paper uses the RRT [14] algorithm to realize real-time path replanning, so as to solve the concealed problem of encircling the static target. When the target starts to escape, a formation capture control law is proposed to solve the problem of capturing a moving target.
This paper is detailed in the following five sections. Section II describes the cooperative pursuit problem of the underwater robots. Section III introduces the two stages of the cooperative pursuit strategy. Firstly, the RRT algorithm is used for path replanning to reach the desired pre-capture position, so as to solve the concealed problem of encircling static target and realize the first stage of the pursuit strategy. Then, a cooperative control law of multiple underwater robots is introduced. It can be used to form a circular pursuit formation to solve the problem of tracking and capturing the moving target, so as to realize the second stage of the pursuit strategy. The simulation results are explained in Section IV. Finally, section V summarizes the whole paper.
II. PROBLEM DESCRITION
The cooperative pursuit problem of multiple underwater robots can be described as: there are n ( n is odd) homogeneous robots and one target in the fixed area. In a same depth plane, the underwater robots can track and pursue the target via cooperation and coordination. Without loss of generality, a certain geodetic coordinate is taken as the origin O to establish the north-east-ground ( O XYZ − ) coordinate system as shown in Fig. 1 . where the yellow icons represent the underwater robots, and the red icon represents the target. The underwater robots cooperatively pursue a target in a horizontal plane with a depth of H meters. In order to simplify the pursuit problem, as shown in Fig.2 , the heave speed, the roll speed and the trim speed of the underwater robot can be set to 0. The transverse speed of the underwater robot is also ignored. Therefore, the kinematics equation of underwater robots can be simplified as = ( ) . In order to ensure that each underwater robot has the ability to catch up with the moving target, then the inequality relation can be satisfied as
Coordinate system of the underwater robot
In order to ensure the coordination and collaboration between the underwater robots, this paper assumes that multiple underwater robots can carry out underwater acoustic communication within a certain range. The variable δ is defined as a pre-given small real number, which can be understood as the distance error between the desired capture position and the actual position of each underwater robot, that is, the capture error of each underwater robot. When the capture error of each underwater robot is less than the variable δ , that is, the inequality relation can be satisfied as ( , ) 
III. COOPERATIVE PURSUIT STRATEGY
In this paper, it is assumed that the target has some certain intelligence and it can make corresponding countermeasures in real time according to the environmental conditions, so as to increase the possibility of escape. As the underwater environment itself has a strong concealment, the target will adopt the strategy of keeping the static state firstly to increase the difficulty for the underwater robot to detect the target when the target perceives a threat signal.
When the underwater robots enter into the detection range of the target, the target will adopt the strategy of starting to escape. As to the intelligent strategy of the target, this paper divides the strategy into the two stages. In the first stage, as the target remains the static state, and the target has a certain detection range, the underwater robot adopt the pre-capture strategy, which use the RRT algorithm to replan the path in real time, so as to avoid the detection range of the target and reach the desired position. In the second stage, the underwater robot that arrives at the desired position firstly serves as the leader. When all underwater robots arrive at the desired pre-capture positions, the leader will issue a command to reduce the encirclement circle, and keep approaching the target. When some underwater robot enters into the detection range of the target, the target will start to escape. The underwater robots will adopt the formation pursuit strategy to realize tracking and capturing target. The details of the pursuit strategy are shown below.
A. PRE-CAPTURE STRATEGY
As the target keeps a static state, the task real-time requirement of encircling the target using the underwater robots is not high. Therefore, it is not necessary for underwater robots to arrive at the desired position at the same time. Each underwater robot only needs to follow its own path planning to reach the desired position. The desired position definition of each underwater robot is shown in figure 3. Fig.3 shows the north-east-ground coordinate system established with a point on the earth as the origin. The yellow icon represents the underwater robot and the red icon represents the target. The symbol D represents the radius of the pre-capture circle, and the symbol d represents the target detection radius. The desired position of each underwater robot is defined by taking the target as the center and the east direction as the initial polar axis, and roating with the counterclockwise direction. The angle between the adjacent underwater robots and the target is 2 n π . Assuming that the pre-capture target position is known by each underwater robot, then the desired pre-capture position of each underwater robot satisfies:
Therefore, the problem of pre-capturing target can be decomposed into the problem of real-time path replanning for each underwater robot from its own position to the desired position. As the RRT method is a random search algorithm based on the sampling method, which is proposed by LaValle in 1998 firstly, and has the follow characteristics: 1) The RRT node extension does not need to perform preprocessing before planning, and can quickly and effectively search the planning space according to the current environment conditions. 2) RRT is complete in the sense of probability. If there is a feasible path in state space, it must be able to find the corresponding path.
3) Compared to other sample methods, RRT algorithm is simple to calculate. RRT is a tree structure, and its nodes are always connected. 4) The most remarkable feature of the RRT method is that it can be combined with the dynamic characteristics of the system and dynamically modify parameters during the execution process.
Therefore, RRT can adapt to the dynamic changes of the external environment more quickly, and is very suitable for solving the motion planning problem of the underwater robot with non-integrity system. Based on the above characteristics of RRT, this paper adopts RRT algorithm to realize the precapture process of multiple underwater robots. The RRT algorithm can be described as follows.
Algorithm 1 (RRT Algorithm)
Step 1 Let the sampling period of the underwater robot i be t Δ , the decision-making period be DT , and the time step be 0 t = . The current position ( ) i P t of the underwater robot i is taken as the starting point, the coordinate ( ) Di P t calculated by the formula (4) is taken as the end point, and the search tree is initialized as Ψ , where ,
Step 2 Follow these steps to expand the search tree:
Step n , then the algorithm will be forced to terminate, and also skip to Step 3. Otherwise, Step 2.1 is returned.
Step 3 The formed extended search tree is returned to get the path from the start point start x to the end point end x . If the algorithm is forced to terminate, then the path point is returned from the start point start x to the leaf node closest to the end point end
x .
Step 4 The path is smoothed to obtain the final track point sequence. The smooth method is described as Algorithm 2.
Step 5 The first track point in the final track point sequence is selected as the next target point next x of the underwater robot i , and the heading angle i ϕ can be calculated according to its current position start x and the next target point next x .
Step 6 The current position of the underwater robot i is updated to ( ) ( ) * * ( ) 
where L represents the extension step size. After iterative calculation, the algorithm will get a track sequence from the start point ar st t
x to the end point end x , or to the point closest to the end point end x . However, the first point of the track point sequence is only selected as the next target point for the underwater robots in the decision period based on the thought of rolling optimization. The loop keeps iterating until the underwater robot reaches the pre-capture position. In this way, the detection range of the target is avoided and the concealed problem of encircling a static target is achieved.
B. FORMATION PURSUIT STRATEGY
When some underwater robot arrives at the desired precapture position firstly, it automatically becomes the leader of other underwater robots. After other underwater robots arrive at the desired position, the leader will issue a command that narrow the circle to encircle the target, and form a circular formation to gradually approach the target.
In order to illustrate the relation between the leader and other underwater robot, a certain geodetic coordinate is taken as the origin O to establish the north-east-ground coordinate system as shown in Fig. 4 . Meanwhile, the leader is taken as the center and the east direction is taken as polar axis to establish the polar coordinate system ( ) ρ θ . 
Therefore, when some underwater robot enters into the detection range of the target, the target will start to escape. the underwater robots keeps tacking and capturing a moving target with the pursuit formation. In order to solve the problem of tracking and capturing a moving target, and realize the cooperative control of the underwater robots, the corresponding controller of each underwater robot is designed. This controller includes the formation controller and the low level controller. As the precise dynamic model of underwater robot is difficult to obtained, the low level controller adopts the classical PID controller to control the heading, the depth and the speed of the underwater robot. As this paper focuses on the decision control in the horizontal plane, the low level controller is not discussed in depth.
Fig.5. Schematic of the horizontal controller for underwater robot i
As shown in Fig.5 , in the formation controller, the control purpose is that the vector ( , ) In order to make the underwater robot i to reach the desired position and desired speed, so as to complete the pursuit formation in the horizontal plane, this paper uses the proportional control for formation control based on the idea of PID control. The cooperative control law is defined as speed and the east speed in the north-east coordinate system, as shown in Fig.1 . Thus, we have
x -(x -sin( ))) ( sin( )-sin( )) (y) (y -(y -cos( ))) ( cos( ) -cos( )) x y v ψ represents the east position, the forward speed, the polar angle of the forward speed of the underwater robot i . The control input of the next moment for the underwater robot i is calculated as 2 2 ( ) ( )
where ( ) arctan( ) ( )
The function ( ) PolarToHeading * represents that the polar angle is converted to the heading angle in the north-east coordinate system. Therefore, the cooperative control law can be the formula (16) and the formula (17). In the next moment, the formula (16) is substituted the formula (1). The relatively mature EKF algorithm [15] [16] is used to obtain the position of the underwater robot i . As the position estimation algorithm is not the focus of this paper, it is not discussed in depth.
V. THE SIMULATION RESULTS
In order to illustrate the effectiveness of the proposed cooperative pursuit strategy, this paper use MATLAB software for simulation verification. The typical simulation environment is shown in Fig. 6 . The position of the target is set to (600m, 600m), and the detection radius of the target is 50m. The pre-capture radius is set to 70m. The maximum speeds of each underwater robot and the target are respectively set to 4m/s and 0.5m/s. When the target perceives the underwater robots, the target will escape with the heading 135 degree. However, in the RRT algorithm, the extension step L is set to 5m. The probability of choosing the end point is set to 0.4
The maximum threshold of sampling node is set to max 1000 n = . The decision period is 30s and the sampling period of the underwater robot is set to 0.5s. At last, the pursuit radius of the underwater robots is set to 50m. The termination condition is defined as ( , ) 5 i i d x y Δ Δ ≤ , that is, the position error between the desired position and real position of the underwater robots is less than 5m.
A. PRE-CAPTURE SIMULATION RESULTS
Firstly, in order to illustrate the effective of the RRT algorithm, the simulation of the underwater robot is carried out. The simulation results are shown in Fig. 7 and Fig. 8 . As shown in Fig.7 and Fig .8 , the small black circle and the small blue circle respectively represent the initial position and the desired position of the underwater robot. The red point represents the initial position of the target. The red dotted circle represents the detection range of the target. The star points represent the leaf node of the search tree. The red solid line represents the path from the initial position to the end position. The black solid line represents the trimmed and smoothed path. In order to ensure that the real-time demand of RRT algorithm for path planning, the threshold of search tree node is set as 1000. As shown in Fig.7 , the target is found via searching in the simulation result when the number of the nodes does not exceed the maximum threshold. However, as shown in Fig. 8 , the target is not found via searching after sampling 1000 times. The path is returned from the start position to the position closest to the end position. Therefore, Fig. 7 and Fig. 8 show the effective of the RRT algorithm.
As shown in Fig. 9 , the simulation results show that the underwater robots can reach the pre-capture position by avoiding the obstacle area and the target detection area. As shown in Fig. 10 , the position errors between each underwater robot and the obstacle area are all greater than 80m. It means that each underwater machine successfully bypassed the obstacle area. As shown in Fig. 11 , the position errors between each underwater robot and the target are all greater than 50m. It means that each underwater machine successfully bypassed the target detection range and achieved the concealment of pre-capturing the target. When the underwater robots arrive at the pre-capture position, the leader issues a command that narrows the encirclement circle. The underwater robot starts to pursue the target. When some underwater robot enters into the target detection range, the target will start to escape at speed of 0.5m/s. As shown in Fig.12 , the underwater robots realize the circular pursuit formation with the radius of 50m. As shown in Fig. 13 , the fourth underwater robot arrives at the preencirclement position firstly and automatically becomes the leader. The leader is regarded as the center so that the desired positions of other underwater robots can be obtained. Therefore, the formation error can be defined as: the position error between the desired position and the actual position of each underwater robot in the pursuit formation. As shown in Fig.13 , after the formation of other underwater robots enter into the steady state, the formation errors are all less than 1.5m. It can satisfy the performance index of the formation error. As shown in Fig. 14, after the pursuit process enters into the steady state, the pursuit errors are all less than 4m. It can also satisfy the performance of the pursuit error. Therefore, this fully proves the effectiveness of the cooperative pursuit strategy proposed in this paper. As to the problem of capturing a moving target under the water, this paper proposes a novel cooperative pursuit strategy. This proposed strategy uses the RRT algorithm to replan the path in real-time, so as to solve the concealed problem of encircling a static target under the water. Furthermore, a cooperative pursuit control law is proposed for multiple underwater robots, so as to solve the problem of tracking and capturing a moving target. The proposed pursuit strategy has two advantages for the target with an intelligent escape strategy.
1) The RRT algorithm is used to decompose the problem of cooperatively capturing a static target into the problem of path replanning in real time for each underwater robot, which reduces the complexity of the problem and solves the obstacle avoidance problem in motion.
2) Reference to the PID control idea, the proportional controller can be used to realize tracking and capturing a moving target. When the low level controller converges, this formation controller is also stable and convergent, which has a certain reference significance for practical engineering application.
Finally, the effective of the proposed strategy is verified via the MATLAB simulation. This paper only considers the realization of cooperative pursuit strategy for multiple underwater robots, and does not consider the influence of the networking communication between multiple underwater robots. In the future, the influence will be studied from the perspective of network communication for cooperative pursuit in multiple underwater robots.
